G-quadruplexes are higher-order nucleic acid structures formed in G-rich sequences in DNA or RNA. G-quadruplexes are distributed in many locations in the human genome, including promoter regions, and are viewed as promising therapeutic targets. Uncoupling protein-1 (UCP1) is a mitochondrial thermogenic gene critical for energy expenditure in the form of heat in the brown adipose tissue. UCP1 is only expressed during brown fat cell differentiation and is a candidate target for treating obesity. However, the regulation of UCP1 expression is not clear. We reported here that a G-quadruplex forming sequence exists in the promoter of UCP1. The 5,10,15,20-tetra(Nmethyl-4-pyridyl) porphyrin (TMPyP4) enhanced cellular expression of UCP1 and destabilized the G-quadruplex formed by the sequence from the promoter of UCP1. Mutations in the G-quadruplex regulated the cellular activity of UCP1 promoter as evidenced by a UCP1-promoter luciferase assay. These results suggest that G-quadruplex structure is a potential target to regulate the expression of UCP1.
Introduction
G-quadruplexes are nucleic acid secondary structures formed in short G-rich sequences of DNA or RNA strands [1] . Four guanines form a G-tetrad (or G-quartet) through Hoogsteen-hydrogen bonds. A G-quadruplex consists of at least two, usually three, stacked continuous G-tetrads. That means the minimal guanine number in a G-quadruplex is eight guanines. It can be formed in a single nucleic acid strand (unimolecular G-quadruplex, uni-G4, for short) or between strands (bimolecular or tetramolecular quadruplexes, bi-G4 or tetra-G4, for short) [1, 2] . G-quadruplexes exist in many regions of genome and regulate the expressions of many genes when located in promoter regions [3, 4] , such as c-MYC [5] and BCL2 [6] . G-quadruplexes are now being viewed as promising therapeutic targets in human diseases [3, 4, [7] [8] [9] [10] .
The mitochondrial uncoupling protein-1 (UCP1) is a tissuespecific thermogenic protein in human and mouse [11, 12] . It is a marker protein during brown and brite fat differentiation [13, 14] . UCP1-ablated mice were reported to be cold-sensitive [15] and obesogenic [16] . The expression of UCP1 is tightly restricted in brown and brite fat tissues, as well as in the thymus [17, 18] . The promoter of UCP1 is usually inactivated in tissues except the thymus, brown and brite fat. During progenitor cells differentiation toward brown or brite cells, the activity of the UCP1 promoter is activated and reaches high activity when the cells become brown or brite cells. Although it has been indicated that transcription cascades and epigenetics are involved in regulation of the activity of UCP1 promoter [19] [20] [21] , the mechanism of how the expression of UCP1 is regulated remains unclear.
Here, we report a G-quadruplex element in the promoter region of the UCP1 gene that regulates the promoter activity of UCP1. TMPyP4 destabilized the G-quadruplex formed by the G-quadruplex element in vitro and increased the expression of UCP1 in vivo. Mutations in the G-quadruplex enhanced the promoter activity of UCP1. Our work provides a new regulatory layer of UCP1 expression.
Materials and Methods
Cell culture and treatment HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). For TMPyP4 (Sigma, St Louis, USA) treatment, different concentrations of TMPyP4 were added into the media and maintained for 48 h.
Oligonucleotides and plasmids
The UCP1 promoter sequence was analyzed by QGRS Mapper to find potential G-quadruplex elements. All DNA oligonucleotides and primers were purchased from Eurofins (Brussels, Belgium). The Renilla-luciferase plasmid and pGL3.1 basic vector were originally from Promega (Madison, USA). The promoter sequence of human UCP1 was cloned into the pGL3.1 basic vector. The promoter sequence cloned ranged from −2348 to +77, relative to transcription start site (TSS). All mutants were constructed following the recommendation of the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent, Santa Clara, USA), and primers are shown in Table 1 . All plasmids were confirmed by sequencing.
RNA extraction and quantitative real-time PCR
After TMPyP4 treatment for 48 h, cells were harvested with Trizol reagent (Invitrogen, Carlsbad, USA). Total RNA were extracted and reverse transcribed into cDNA using the First Strand cDNA Synthesis kit (Thermo Scientific, Waltham, USA). Primers were shown as follows: 5′-TCTCTCAGGATCGGCCTCTA-3′ and 5′-GCCCAATGAATAC TGCCACT-3′ for UCP1; 5′-ACTCTTCCAGCCTTCCTTCC-3′ and 5′-CGTACAGGTCTTTGCGGATG-3′ for β-actin. cDNAs were amplified with real-time PCR supermixes (Bio-Rad, Hercules, USA), detected and analyzed by Real-Time PCR Detection Systems (Bio-Rad).
Native gel analysis
Native PAGE gel analysis is usually used to separate nucleic acids based on their different shapes and sizes, resulting in different electrophoretic mobility [2, 22, 23] . Oligonucleotides were 5′-end labeled with γ-32 P-ATP by T4 polynucleotide kinase, and were purified with Sephadex G-25 columns (GE Healthcare, Wisconsin, USA). For G-quadruplex formation, 2.5 pmol of oligonucleotides were incubated in 10 μl TE buffer at 95°C for 5 min, and cooled on ice immediately for 2 min. Then the same volume of TE or 200 mM KCl solution or indicated TMPyP4 solution was added and samples were incubated at 37°C for 2 h. All samples were resolved by native 12% polyacrylamide gels in 0.5× Tris-Borate-EDTA buffer containing 50 mM KCl. The gels were imaged using the PhosphorImager system (Fujifilm, Tokyo, Japan) for imaging.
Circular dichroism experiments
The formation of G-quadruplex was described above, except that oligonucleotide concentrations were 10 μM in strand in 100 mM KCl solution. Circular dichroism (CD) spectra were measured on an AVIV model 430 spectropolarimeter (Aviv Biomedical, Lakewood, USA). Spectra were recorded with a 1-mm path length quartz cuvette from 340 to 220 nm in steps of 1 nm at room temperature. Each spectrum is the average of three scans and baseline-corrected with a spectrum of pure buffer. CD melting experiments were performed at 265 nm with a heating rate of 1°C/min [24, 25] .
Cell transfection and dual-luciferase assay HEK293 cells were transfected with Renilla-luciferase plasmid and different UCP1 promoter mutant (firefly-luciferase) plasmids using Lipofectamine 2000 (Invitrogen). The Renilla-luciferase plasmid was used as a reference reporter. The amount of plasmid transfected was kept equal between groups. Forty-eight hours after transfection, lysis solution with substrates were added following the recommendation of the Dual-Glo ® Luciferase Assay System (Promega), and luciferase activity was measured using a Tecan plate reader (Waltham, USA). The activity of the UCP1 promoter was indicated by the ratio of Firefly/Renilla luciferase activity.
Statistical analysis
Data are expressed as the mean ± SD. RNA expression levels or luciferase activities are shown as fold change relative to the control (WT). Statistical differences to control were assessed using the Student's t-test (*P < 0.05; **P < 0.01; and ***P < 0.001). 
Results and Discussion
To investigate whether there is any G-quadruplex element in the promoter of the human UCP1 gene, the promoter sequence before the transcription start site (TSS, +1) of the UCP1 gene was analyzed by the G-quadruplex prediction software QGRS Mapper [26] . Several potential G-quadruplex elements in the UCP1 promoter region were predicted ( Supplementary Fig. S1 ). Of them, the sequence ranging from −136 to −113 bp upstream of the TSS gained the highest prediction score (Fig. 1A and Supplementary Fig. S1 ). This sequence was selected for the subsequent study. TMPyP4, a cationic porphyrin, is typically used as a stabilizer of G-quadruplexes both in vitro and in vivo [9, 27] . For instance, it can reduce the expression of c-MYC through stabilizing the G-quadruplex in its promoter [27] . Unexpectedly, when TMPyP4 was added into the culture medium of HEK293 cells and incubated for 48 h, the expression level of UCP1 was sharply enhanced. An increase of up to 20-fold was found at the RNA level when TMPyP4 concentration was 70 μM compared with the control group (Fig. 1B) . Although many reports support that TMPyP4 has G-quadruplex-stabilizing effect, TMPyP4 has also been shown to have destabilizing effects on G-quadruplexes [28] . Though the mechanism of TMPyP4 activity on the UCP1 promoter is unclear, the above results suggest that it may act as a Gquadruplex destabilizer. G-quadruplexes can be straightforwardly indicated by native gel electrophoresis because G-quadruplexes are compact structures and migrate faster than non-G-rich oligonucleotides [1, 22, 29] . To prove that the selected sequence does form a G-quadruplex, oligonucleotides ( Table 2) were synthesized and labeled with 32 P-ATP. The wild-type (WT) oligonucleotide migrated faster than two controls, i.e. an oligonucleotide in which several of the guanines was mutated to adenine (G→A mutation, Mut) and an oligonucleotide of the complementary strand (Cpl) of the WT oligonucleotide. These findings were true both in the presence or absence of potassium, a known G-quadruplex stabilizer ( Fig. 2A) [1,3,29] . The G→A mutation (Mut) oligonucleotide cannot form a G-quadruplex because it only has seven guanines ( Table 2) . The presence of 100 mM KCl in the reaction system can also mimic the physiological potassium concentration. Faster migration is the characteristic of uni-G4 [23] . A small fraction of WT oligonucleotide migrated slower than the uni-G4 and linear oligonucleotide ( Fig. 2A , bi-G4 and tetra-G4). These bands are indicative of bi-G4 and tetra-G4 [2, 23] . CD is a frequently used biophysical technique for G-quadruplex study [30] . The G-quadruplex structures of the WT oligonucleotides were further evidenced by CD spectroscopy (Fig. 2B) . The CD spectra of the WT exhibit a peak at 260 nm, characteristic of G-quadruplex structures, whereas the spectra of the Mut lacking Gs resemble single strand oligonucleotide (Fig. 2B) . The uni-G4 was gradually lost with increasing TMPyP4 concentrations (Fig. 2C) . Furthermore, G-quadruplex formed by WT was less stable at high temperature in the presence of TMPyP4 (Fig. 2D) . This is consistent with the result above that TMPyP4 increased the expression of UCP1. Due to the broad effect of TMPyP4 on cellular activities and the fact that it can bind to many other G-quadruplexes in the genome, it cannot be excluded that TMPyP4 increased the expression of UCP1 through mechanisms other than directly binding to the G-quadruplex in the promoter of UCP1.
To directly investigate the function of the G-quadruplex element in the promoter of UCP1, several UCP1 promoter reporter mutants were constructed. These mutants contain different guanine(s) to adenine(s) mutations in the G-quadruplex element ( Table 2 ). The mutated oligonucleotides correspond to those mutants that still migrated faster than Mut in vitro (Fig. 3A, lanes A1-A10) , suggesting that they still formed compact structures. However, the structure formed by mutants were thermodynamicly unstable compared with the structure formed by WT (Fig. 3B) . The function of G-quadruplexes may vary depending on what type of G-quadruplex topology is formed within a given G-rich sequence [1, 3] . As shown in Fig. 3C , the promoter activity of UCP1 increased gradually along with more G→A mutations and reached the maximum at four G→A mutations. Interestingly, more mutated guanines did not further increase the promoter activity, and in some case even reduced the promoter activity to basal levels (Fig. 3B,  A10 ). In addition to the G-quadruplex element studied here, there are many other potential G-quadruplex forming sequences in the promoter Mutation of G-quadruplex in the human UCP1 promoter enhanced the promoter activity, which reached the highest at mutation A4. Mutation A10 had no effect on the promoter activity. Significant difference between mutants and wild-type, *P < 0.05, ***P < 0.001.
region of UCP1 (Supplementary Fig. S1 ). It is possible that a wide range of guanine mutations in the G-quadruplex, −136 to −113 bp upstream of TSS, may affect the structures of other potential G-quadruplex elements in the same promoter. It is also possible that a wide range of guanine mutations in the G-quadruplex may change the binding pattern of proteins on the promoter of UCP1. In summary, in this study we reported the existence of a G-quadruplex in the promoter of the UCP1 gene and suggested that it may play a role in regulating UCP1 expression. In addition, TMPyP4 was found to be a potent inducer of UCP1 expression, although the exact mechanism of how it induced expression is unknown. The UCP1 protein plays a key role in brown and brite fat tissues. Inducing the expression of the UCP1 gene is one of the most important events during brown and brite fat differentiation [13, 14] . Our findings suggest that the G-quadruplex in the UCP1 promoter may be a potential target for fat tissue differentiation. Further work will focus on the ligand(s) and regulatory protein(s) that bind to this structure.
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